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STUDIES ON THE VORTIUES 'OF THE ATMOSPHERE OF 
THE EARXH. 

By Prof. FRANK H; BIGELOW. Dated MIS). 6,1908. 

111.-THE TRUNCATED DUMB-BELL VORTEX ILLUSTRATED BP 
THE ST. LOUIS, MO., TORNADO OF MAY 97, 1896. 

On the 27thof May, 1896, a large, violent tornado past thru 
the midst of the city of St. Louis, Mo., doing much damage, 
and displaying all the features which characterize this class of 
storms. The meteorological conditions were reported by Dr. 
H. C. Frankenfield, Local Forecast Official, and an account 
was published in the MONTHLY WEATHER REVIEW for March, 
1896, from which the data used in this paper have been ex- 
tracted, the same being confirmed by comparison with original 
records. A study of the mechanical forces exerted upon the 
buildings which were wrecked, and the St. Louis Bridge which 
was injured, was made by Mr. Julius Baier, and reported in 
the Journal of the American Society of Civil Engineers, Jan- 
uary and June, 1897. An illustrated phamphlet, by Martin 
Green, St. Louis, Mo., 1897, gives a graphic description of the 
numerous destructive effects of the storm. In Table 30 will 
be found a summary of the meteorological conditions for ref- 
erence. The vortex proper, apparently lasted from 6 to 6:30 
p. m., a t  the Weather Bureau station, and was central about 
6:15 p. m. The barometer oscillated considerably, but  the 
pressure at the station, 29.00 inches, or 737 millimeters (not re- 
duced to sea level), was assumed for the outer radius, os1. The 
pressures, temperatures, . wind directions, and wind veloci- 
ties are taken from the automatic records of the Weather 
Bureau, of which transoripts will be found in Doctor Franken- 
field's article. 

TABLE 30.- The: melt.oro&gic-nl data ut Bf. Loiii8, Mo., dfag 9, lS31i. 

mi.p.h. 
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400p.m ................. 
k80p .m ................. 
500p .m ................. 
510 p. m ................. 
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530p.m ................. 
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550p.m ............. 
600 p. ni ................. 
li:1o p. m ................. 
630p .m ................. 
6 2 0 p . N  ................ 
6:ap .m ................. 
650p .m ................. ?:no p. m ................ 
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37 
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28 
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pressure. 

e. 
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S.C. 
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A C k 8 .  
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29.12 
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1.91 
28.14 
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600p.m .... 

lk15p.m .... 
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29.00 
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21.84 
27.44 n. 0 
28.65 

..... 
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nlm. 
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I21 
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6 i l  
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m, 
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m4 
Is5 
m, 
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ne. 10 N. 

nw. , 10 N. 
80. 10 N. 

11. ' 10 N. 
ne. 10 N. 
ne. 1 io N. 
e. I ION. 

I ....... I ....... ! 

The vortex was central about 8:15 p. m. 
An aneroid barometer, read by the son of Mr, Klemm, on the 

south side of Lafayetto Park near the center of the storm, ia- 
dicated 680 millimeters = 26.78 inches. This checks in read- 
ing 677 millimeters obtained by the vortex rings. 

TABLE 3l.-Arlrvpted prce%is* on the center of the path of fhe torncido. 

Time. I Pressure. 1 Pnsiiion. 

TEE DATA FOR COMPUTINQ TEE VORTEX. 

The tornado past over the city from west to east, and appar- 
ently the center of the vortex most Lafayette Park, whence it 
proceeded to the great bridge spanning the Mississippi River. 
The Weather Bureau ofice is about seven blocks north of the 
park, and it was estimated that the vortex was about one and 
one-fourth miles wide. It is necessary to determine at what 
chord the instruments of the Weather Bureau crost the vortex 
tubes, so that the records may be suitably interpreted. By a 
careful study of the De Witte typhoon, in which case the 
meteorological data suaced to determine several of the indi- 
vidual isobars, from which the ratio of the successive radii 
could be found, it was possible to construct a vortex diagram 
suitable to the atmosphere. This same scale of vortex was 
adopted for the St. Louis tornado, as the data to construct a 
complete vortex independently were lacking, and it was only 
necessary to find the pressure and the wind direction and 
velocity at a few points. The pressure, 29.00 inches (737 mil- 
limeters) was taken for ring m, , and the successive rings were 
given a pressure diminishing by 10 millimeters, until the 
seventh ring m,, was found with a pressure of 26.65 inches (677 
millimeters) near the center of the vortex. 

The following note appears in Doctor Frenkenfield's paper, 
added June 23, 1896: 

I have just learned of the height of the barometer, wlthin a reaeonable 
degree of accuracy, in or very near the center of the track of the tornado 
at the time it moved thru Lafayette Park. It was in this park that the 
storm wae at its height. An aneroid barometer, with a metrical scale, 
was brought to me to be reset, and I was informed that it was the 
property of the widow of the late Richard Klemm, ex-Park Commissioner 
of the city. The family live on Missouri avenue, immediately fronting 
the park, and a son of Mr. Klemm read the barometer as the etom 
struck their place. He called the attention of his mother to tho re- 
illarkably low reading, (580 millimeters, or 26.78 inches. Allowing for 
difference in elevation and reduction to sea level, this would indicate a 
reduced reading of 37.30 inches, or 2.05 inches lower than observed at 
this olllee. 

I f  the barometric pressure was 26.65 inches near the center, 
the pressure at the Weather Bureau ofice would be 26.65+ 
3.06=28.70 inches. As the observation gave 28.74 inches, we 
may suppose that the office passed near or within the q circle. 
I have taken it somewhat within this circle, because the Klemm 
house was a little south of the central line of the vortex as 
marked by the dhbris, and it is probable that its position is 
between circles ms and m,. 

TABLE 38.-Tuble of obeerived wind trelocititsa near the t9ortr.r d w .  

Tiine. p. in. 

. .  

6:505:66 
5:55-6:00 
6 : M 0 5  

8:05610 
610-6:16 
8:15-6:!20 
t;:?O-6.% 

It appears from Table 32 that the windvelocity between 5:50 
and 6:05 p. m. averaged about 33 miles per hour, and that it 
averaged 56 miles per hour from 6:05 to 6:25 p. m. There 
were great oscillations in the wind velocity, the maximum for 
less than one minute being 120 miles per hour at 6:18 p. m. 
A study of the wind directions in all possible detail shows 
that the wind cut the isobars at about 30°, so that the angle 
i= -30°, whence, by the formula as=90°+i, the angular alti- 
ude az=6Oo. These values are adopted for the computations 
on the vortex. 

On the isobar whose radius= m,, q,=33 miles per hour. 
a =- 30'. 
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('3) Tubc. (1) 
-~ - .. -. - .... - - 

;a= .......................... 900111. 600 111. 

v = ; y c o s i  .................. 12.6 i 21.6 
I . . .  

w = '1 sill i .  ................ ' -7.5 , - I:+. 0 

On the isobar whose radius= m2, q1=56 miles per hour. 
i =-30°. 

Adopting the values 9,=.33 miles per hour=15 meters per 
second on m,, and qa=56 miles per hour=% meters per second 
on rn2, me obtain the following: 

-. . 
Adopted radii. 
Adwted mdnal veloeitics. 
.4dupted t:iobptial velocities. 
.- .- .- .- .- ... - 

I n  order to determine the angular constant a, it was as- 
sumed that the effective cloud forming the tornado was 1,200 
meters above the surface, and that consequently 600 meters 
had been cut off from the vortex tube, because as=60° was 
below the surface, since i= -30' a t  the surface on the hori- 
zontal plane as shown in Chart IX, fig. 6. 

2.98237 

1 . l l Q P  
13.1 

1 .91W 

$1. 19672 
0. 1573 

............. . .  - - ....... .......... .- 

2.7i68l 

1.32198 
21.0 

1.71434 

9.liOi64 
0.4052 

-1.90526 
-w.4 

1.4SJ88 
30.89 

2 1 0 6 9  
1 6 0 . 1  

-2.11072 
-129.0 

1.9ooAo 
79.58 

2.41175 
25s.m 

-0.87796 
-7.6 

9.48528 
0.27 

1.17899 
15.10 

-1. URl42 
-12.1 

9. s4li20 
C. io  

1.3X445 
24.24 

I.u~rritliiu. 

9.9827 

. - 

I .  1 xi94 

Term. 

m 
- 

l." 

....... 
4.1)9621 

1 ' I ?  

j imi, 

1.52792 

1.38073 

1.9827 

1.24372 

1.20563 

1.17899 

1.16126 

1.15108 

1.147i5 

9.49775 

9.497i5 

9.49775 

9.49775 

9.49775 

9.497i6 

9.49;76 

9.49i75 

9.497i5 

855 8.5i403 

*240 2.38021 

140 ?.I4613 

90 1.95424 

0.19382 

0. ?a08 

0.19189 

2.57125 353.5 Ca, , 
70 110 

80 100 

Y o 9 0  

%%XI9 231.3 '7ir 

1.95497 90.2 'VC 

2.110$3 144.7 OSj 

180' 1800 
Hence, a = laoo+600 = Tsoo = O.lOo. 

We compute the velocity components on the plane az=60° 

For as=6Oo, 
as follows: 

log sin az=log sin 60°=9.93753 
log COS ~ z = l o g  COS 60'=9.69897 

For a=O.lOO, 

hence, 
log a=log 0.100=9.00000 

log a sin az=8.93753 
log n cos az=8.69897 

which are constants for m=6O0, or i= -30'. 
TABLE 35.-Coniputdwn of A, u, 1 1 ,  18 for each rnrliice m,,, a22=600. 

It is intended to compute the average vortex at the outset, 
and then to discuss it by applying the proper formulas and 
the divergences between the angles and velocities in the mean 
vortex and that occurring in nature. The mode of construct- 
ing this mean vortex from a few available observations mill be 
given in detail. The formulas for this type of vortex are 
repeated here for convenience. 

GENERAL FORMULAS. 

c?m = (I+ = Anm' sin nz. 
1 ag 

i (  =- = -Aam cos a:. 
Term. 

...... - 

m 

log v 

log,rm slnsz 

l? 

. 
2.3M89 

1.732yO 
64.1 

1. :30312 

0.42918 
2.68M 

-1.49434 
-31.4 

0. I804 
4.66 

1.79337 
62.43 

2. Si135 

1. ?Pi44 
83.7 

1. 

0.011.56 
1.0187 

-1. "8W9 - 19.3 

0. '25713 
1.81 

1.61991 
38. no 

2.160.13 

1.93836 
86.8 

1.09796 

u. 84010 
6.9245 

-1.699,W 
-60.1 

1.07896 
11.99 

2. OOOBS 
100.19 

1.95497 1 1.7411 

9. 139.3 IPS2  I 2.349928 223.5 

- 
The first step is to scale from the diagram on the adopted log I 

radius, m,=960 Ineters, the length of the other radii. -1 

TABLE 33. - Cowbpcitatioit of flit: tiwan (ria) = np. Ing I 
U 

-. 
log ( I t  

Numher. I Logarithm. 11, N 11 111 Ler. 
. .  

960 

13 

S 

..... 
12 .i.i4 

log .4 r m  ~. 
600 1 -  I 2. --- ,7816 -4 flm 

I 
21 ' 1.32222 The successive values of log m,, in Table 35 are formed by 

The values of log a m  sin az are formed bv 

13 I ....... subtracting 0.20546; the values of log P? are formed by adding 
0.20546 to log vl, or by subtracting the successive log m ,  from ..... ! 4 . ~ 0 3 7  i 

I log a+ = 4.09879. 
! - ad&& 8.93753 to the successive l& a,. To obtain lop A', " .. CI .. 

Then take log m,, and the successive differences, log p=log 
m,,--log ; compute the mean log 11=0.20516; construct 
log (~10~),=4.09621 and log (r7m),=4.10037; the mean log 
(rm)=log n+=4.09879, and this is the constant to be laid at 
the basis of the vortes. In this case we assumed (rm),= 13 x 960 
and (urn),=21 x 600, taking approximate values. If more ob- 
served velocities are at hand, the value of log a+=constant 

subtrlct the successive values of log am,, sin az from the suc- 
cessive log vl,. To compute the values of log u, add log 
a cos nz, log m, and log A. The values of log zul, are found from 
2 A  sin nz. 
TABLE 3 6 . - ~ k  bga~tl tme of puntities Itaefui ill computing m,, ul,  pvI, w1, 

on the lO-&mee let*&. 
__ . . . . . . . .  ~ 

sin m. Diff. 4 Diff. 
. 

cos a%. 
. . .  . . .  

Aom. 1 zA. can be made more accurate. Finally, from log >, we compute 
log mr, log as, etc., by subtracting 0.20546 in succession, 
whence the values in Table 34. 

Angle (m. 

0 0  

cr.:=O 180 

10 l i 0  TABLE 34.-Cotnpulatioia qf t L  'rnenn log p and the rrtdii m,,. 
--OD 

9.23967 

9.53405 

9.69897 

9. SO807 

9.88425 

9.937.93 

9.9i299 

9 . 5 w -  

0. OMWW) 

0.0000;) 

9.W335 

9 . 9 r m  

, 9.93753 

9.88425 

9.80807 

9.69897 

9.53405 

9.23967 

--OD 

....... 
0.294% 

0.16492 

O.loLJl0 

0.0761s 

0.05328 

0.1546 

0.02086 

0.00665 

....... 
0.14719 

0. aS36 

0.05455 

0.03809 

0.02664 

0.01773 

0. OlOlS 

o.Oo:s3 

.- 

B. 
-. 
.111M. 

i 3 i  

52; 

71 7 

I O ,  

8 7  

6R7 

6i7 

667 

c -  

- 

20 1G0 

:io 150 

u. "1BYB 

0.19Q9 
65 1.74W .i6.2 a, The difference of the successive values of log m is equal to 

- log p ;  of log v is + log p ;  of log A is + 2 log p ;  of log u 35 1.r4407 35.0 ms 
is + log p, and of log PO is + 2 log p. Checks on the compu- 
tation can be readily formed from these precepts. 

Mean lugp=O. 20546 
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w., 
2.30390 
2. l513il 
2. n7425 
2.01970 
1.98161 
1.95497 
1.93724 
1.927w 
1.9'2373 

COMPUTATION OF m,,, U,,, I$,, lij, OB OTHER LEVELS. 

The computation of the radii, the radial, tangential, and 
vertical velocities on other levels, as for uz = 60°, 70°, SO0, 90'; 

functions as called for by the formulas. In extending the 
logarithms to the 10-degree levels, Table 36 will be found 
useful. 

. . . . . .  180°, is accomplished by using the proper trigonometric 

Since a+ = Aumg sin m, we have 

aD 
2. 1I!IS44 
1.93123 
1.113379 
1.81.424 
1. iiRl5 

! 1.74951 
1.73178 
1.72lljO 
1.71827 

2..5;763 
2. &5l7 
2. 43U6'2 
2.39'253 
Y.3lijs9 
2.34816 
2. 33798 
2.33465 

2.3l3217 
2. 279il 
2.22516 
2. IS707 
2 ]Go44 
2.14270 
2.13252 
2 12919 

372.7 
Si7.8 
349.5 
316.8 

232.2 
2 2 . 9  
217.6 
216.1 

(I, 

3;. 2 
22. G 
17.2 
1:I.4 
10.8 
7.1; 

2.5 
0.0 

. 6.0 

X 

51.:1 
313. 2 
27.13 
21.13 
16.6 
12.1 

4.U I 
0.11 

8. n 

(54) Aa sin m 
as the formula for computing log m. 

If m is computed for the level a3 = 60°, i t  can be extended to 
the other levels by using the column 4 diff. = g[log sin nz - 
(sin uz f loo)]. 

Table 37 contains the values of log m and m, the radii of 
the different levels of the seven vortex tubes. 
TABLE 37.-Compulatioii of 6ng m and m, fnr each fitbe at w c w i i i q e  

Values of t h e  tangential velocity, t' = dam sin az. 
~ 

1 

0 1  I I I I I 
frz = If0 

I 70 
160 
150 
I40 

0 ian 
cio 131 
io 110 
,so 100 
81 90 

0 
5.9 
8.2 
9. !I 

11.3 
12. 8 
13. 1 
13.6 
18.9 
14.1 

0 
9.4 

13.2 
16.0 
18.1 
19. 7 
21.0 
21.9 
B2. 4 
2 . 6  

38.9 
54.5 
65.9 
74.8 O I  

I 92. f 
93. - 

0 
6'2.4 100.1 

105.8 169.8 
1'20.0 192.6 
131.0 210.2 

8:.5 1 1m.5 

139.3 I 9'23.5 . 

(1) 

m 
4.33120 
a. lllull 
8. 1015.5 
3.04;lJU 
5. Gus91 
2. Y8'L'i 
1 96454 
2.95P6 
2.93103 

Alt. tIlllV. 110.1 
14s. 5 
149.6 

57. 7 

__ .. . ...... . . . . . . .  - 

TABLE 40.-Tlie coinpiitation of the rertical relociti~s ut, for ewh tube a d  
allitride. 

Values of log 111. 

m 
2.932s 
2. i7309 
2.69063 
2. G3WJS 
2.59799 
2.57135 
2.55362 
9.51344 
251011 

OD 

4.12574 
2.9iRji  
2. 89RO9 
'1.81151 
'1.8031i 
2. i768l 
2.7591 
2.74890 
2.74557 

(2) 
.. 

(7; 

- W  

1. w-9 
1.49w 
1.66224 
1.77136 
1.8575? 
1.30080 
1.93626 
1.96662 
1. %327 

. .  

I -- 
' n.12766 

n. m:w.4 
n. 25i12 

' 0.31291 
0.3 I959 

I 

I 9.55W26 
9. W164 

I 0.01856 

i 0.29255 

- w  
9. !I7018 
0.21345li 
0. $348 
0. 588% 
0.6'2176 

0. ,0350 
0.723% 
0.73051 

0.26W4 

rl: = 180 -a 

I50 9.19672 
140 9.311.582 
130 9.3il.200 

60 120 !1.435?S 
i 0  110 9.4i074 so 100 9.49110 
90 . 90 9.497;s 

(Aa% a=) 
The radius ,a = 

...... . .  

- - I -  
5143.9 1335.8 
1617.6 I 951.8 
1563.4 I 787.2 
3114.3 ~ 694.2 
1020. 7 I w. n 
960.0 , 594. I 
921.6 574.2 
W.2 360.9 
893.4 556.6 

OD 

?01. 3 
143.5 
118.6 
104.6 
95.9 

84.5 
s3. 3 

9?,2 
bh. 5 

0 

11: = IS0 

160 
150 
140 

0 1:uI 
60 120 
70 110 
I 100 
9 0 %  

im 
m 
323.1 
230.2 
190.4 
I6i. 9 
153.8 
144.7 
138.9 
135. 7 
134.6 

1%. 4 
L19.4 
73. !I 
65. 2 
59. 7 
56.2 
5%. <I 
si. 7 
52.3 

- 

.- 

Values of the vertical velocity. 2~ = 2 A sin E. 
_. .... ___ . -~ 

I I I 

0 0 0 
6.M 

12. M 
~ 1i.M 
1 22.93 1 Yi.9fi 

30.90 
33.52 
35.13 
35.67 

0 

11: = 180 
1 io 
160 
Ira ' 
140 

lx 120 
70 110 
80 1uO 
w !lo 

'-' 18lJ j 

0 1  0 
15.96 
31.43 
45.94 
59.07 
73. OB 
79.58 
%. 35 
90.49 
91.89 

0.313 
0. 71 
1.04 
1.34 
1.60 
1.81 
1.96 
2.01: 

.2.09 

0.93 
1.84 
2 . 8  
3.46 
4.22 
4. €8 
5. u5 
5.30 
5.3s 

2.41 , 
4.74 ! 
6.93 I 
8.90 1 

11.99 
13.111 

13.85 

10.8ti I 

n. 14 

n. 41 
n. j:! 
0. 7n 

n. 81 

0. 28 

II. 63 

0.76 
0. 90 

N THE RT. LOU1 T H E  VELOC'ITIES TORNADO. 

TABLE 38. - Thr comptttntion qf radial tqelocitiea u, for each tirbe r r , r r l  nlfitirrle. 
Values of log t i .  

_- -. 
.\ltiliidt-. 15) I (61 I 171 

i .- 

0.m I 
0.31 I 
0.32 

THE HORIZONTAL ANGLE i AND VERTICAL ANQLE 7 OF THE 
CURRENT Q IN THE RT. LOUIS TORNADO. 

The horizontal angle i is directed inward from as = 60' to 
= 90" and outward from a7 = 90" to az = 180'. The angle 

i is calculated by the formula tan i = i. Table d l  gives the 

value of i at loo intervals for each tube. 

I 

TABLE 41.- !l'he horizontal angle d, wgutive inward, positive outward. 

2. MQ7 
2.38102 
2.26310 
1.15?2i 
2. INlUO 
1. !I0526 
1.i4'261 
1.41Ra'l 

2. 15705 
1. 9i1110 
1.P.5214 
1.74435 
1. G;luJs 

2.3411 1 
1.17.551; 
2.0576 1 
1.9.I9Wl 
1.w55.i 

1.49434 
1. :3111~9 
I. uni1:3 

I -00 

1.699MJ 
1.51715 
1.1159 

I --'L 

2.11072 
1. Q28117 
1.6351 

I -n -m I -m -.P 

. .  I ~ I ~- I . . . . . .  I I 2 I 
Values of the radial velocity, i i= -Aan  cos az. -. 

Allitode. 

. . . . . .  

(4) 

. .- 

(5) 
.... 

D 

90 
80 
70 
60 
50 
40 
50 
20 
10 
0 

-10 
-20 
-30 

(1) 

0 

90 
80 
70 
60 
50 
40 
80 
'20 
10 
0 

-10 
-20 
-30 

-- 

v. 
5IG. 6 
385.9 
294.1 
829.5 
171;. 4 

s4.7 
129. n 

$2. n 
n. 11 

- $2. u 
- 84.i 
- 149. CJ 

(7) 

0 

90 
Ro 
70 
60 
50 
40 
30 
20 
10 
0 

-10 
-20 
-30 

0 

a I ,x, 
2'20. :I 553. li 
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111 = 180 
170 
160 
I.W. 
140 

O 181 
Gu 1!20 
711 110 
Bu I I W J  
90 'JJ 

- 

Altitude. 

m m m 00 m m - 
B.72 64.12 86.86 13!1.42 223.76 359.17 576.67 
24.03 38.67 61.90 9 8 . S  159.50 256.17 411.M 
1!1.87 3I.W 51.20 W.B) 182.04 Y12.W I*P.74 17.53 28.14 45.17 7'2.54 116.M 188.05 :Mi.= 
16.06 25.78 4I.P IX.51 lO7.(w 173.2; 2h3.71 
15.10 24.25 3.94 1 G'3.60 1 100.91 163.75 1 2iU.06 
14.50 $3.28 37.39 60.14 9 i . M  167.97 262.3S 
14. I6 22.54 36.h3 58.78 94.94 154 04 258.38 
14.W 22.57 %.'a 58.M 91.26 153.84 257.14 

T A B ~ E  49.- Vertical angle )I, poeitiue. upward. 

255859 

1.577w) 

37.84 

- .. .. 
0 

0 
0 
0 
0 
0 
0 
I 
1 1u 
1 15 

I 1  1 7 '  

2.:33?!15 j 2.14i68 I 1.94201 1.78640 j 1.53148 

1.1lj680 , 0.75607 0.84494 9.!13387 ~ 8.6?849 

14.64 I 6.70 I 2 3 1  1 0.86 0.334 
I 

I '  

0 1  
6 )  

15 
27 
40 
52 
2 

4.6 I 7.4 #I,, - ""+1 
The results are shown in Table 44. 

- 

0 

0 0  
0 9  
0 25 
0 44 
1 
1 
1 ~~ 

I 52 
2 1  
2 8  

11.7 ! 18.9 30.3 48.6 

4 
z3 
39 

W 
tan?/= -- 

B see a a 

----- 

(5) ' I (6) ! (7) 
~- 

I O 1  0 

13 :: 88 5 49 9 17 14 43 
40 4 16 6 50 10 53 17 8 
0 4 4!1 7 42 12 15 i 19 13 

6 17 I 8 27 13 25 I 20 W 
14 5 IO 8 16 18 7 I 20 30 
18 

I I I 

assumed not to vary along the circles whose radii are q,. 
full form of the equation is, 

The 

d l 1  

ilt 
= - + A' a' m - 2 moa O w  + kit. 

All these terms can be computed with precision, except the 
friction term ku, and some idea of the value of the friction co- 
e%icient may even be obtained. 

I;r/e inertia temn - , il L/. 
il t 

0 

n2 = IS0 
170 
160 
15u 
140 

0 130 
€4 120 

RCJ 100 
!nl 90 

70 110 

~ - ~ 

The total velocity q, in meters per second, can be computed In ooinputing the inertia it is first necessary to find the time 
. of the movement of the air between the successive rings, and 

the computation is given in full, as an example. The term 
can be found from any component, and that of the radial 
velocity is the most convenient to employ for this purpose. 
Find the mean u,), and the difference of the radii m,, - m,,,, in 

from the formula 

and the resulting values are given in Table 43. 

q = v sec i sec q 

TABLE 43.-Tofal veloeily q, in III&?-W~ per second. 
~- succession, then, 

(5) 1 1 16) 17) 
(55) 

Nest compute in succession, i)u = ztlb - ttla+l , so that 

This is performed in Table 45. 

iw 
01 

TABLE 45.- The computation of -. 
- .. - . .. - - -. - 

I 
. - -- 
'rerin. (2) (3) ~ (1) , (5) I ( 6 )  (7) 

-- . . __ 
1.49434 1.69980 1.90326 211Oi!! 

logan, I I 0.98069 1.18615 1 1.39161 I 1.59707 1 3.80263 I ' 2.00799 I I 

' 1  I 0.119 ! 0.501 2.052 , 8.S41 85.283 144.60 

ilu , I I i  I !  
i) L? il2U and 
Ot ot 

* Similarly, the values of 

puted in Tables 46 and 47. 

are to be found as com- 

ilv 
i)t 

T.4BLE 46.- t%mpitfafion of the tangetilial inerlia = -. This table shows that 774,500 cubic meters of air is passing 
upward thru each ring area per second. Since the Cottage 

about $7.08 tinierr m eficient in  lajliiig the air as was lhe Cotlage 
City uuterrrpout, this being due to its greater dimensions. 

~~ City waterspout was carrying upward about 16,452 cubic me- 
ters of air per second, it follows that the ,St. h u i s  tornado was 

I 

u I 18.1 i 21.0 I 33.7 I 54.1 139.3 XB.5 

Term. 1 (1) ! (2) I (3) ' (0 
._ -- -- - -- 

EVALUATION OF TEE FIRST EQUATION OF MOTION. 
1 n - 1- 1i+1 1 7.9 I 12.7 I 20.4 .I 62.7 I 52.5 I 84.3 

0.m U.865 3.677 14.778 61.135 262.24 The pressure change on the horizontal plane is given by 
the first equation of motion, because the pressure has been 

f% 

at _ _  
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Term. 
.......... 

.@a?m 

TABLE 47.-C%nnputntion qftlrc. Terliral inertia = &' . 
at 

-- ~ -- 

11) ('3 (3) (4) (5) I (e! ~ (7) 

(1.258 11.962 4.1~39 I 16.782 69.381 286.82 , 1185.75 

......... ____ I  

0.43 1 1.11 1 2 s 5  1 7.33 1 18.91 I 4s .m 

0.011 0.076 0.500 3.818 22.020 145.85 

Slllll 

log sum 

n,, 

0.6Ull 2.499 10.302 I 41.657 176.44 I 728.76 

9.77815 0.39777 I.lJl'L92 I 1.62999 2.24635 I 2.86259 

gai.ui 598.11 372.71 232.?1 144.51 SJ.41 K2 

The fa l l  in pre~atire between the succe8siw vortex rings. 
The fall in pressure, JP, between the successive rings m, , 

mr , . . , is colllputed by the formula, 

. 

Term 

log u 
log 2ncorOw 

and this is performed in Table 49. 
The iesult of the computation of A'a'm is given in Table 

50, and all the other terms, except the friction coefficients, are 
brought together in the line marked Sum. This is to be mul- 
tiplied by ,om ( m, - m,,il) to give successive values of JP, the 
difference in pressure from one ring to another exprest in me- 
chanical units. This is reduced to barometric pressure in 
millimeters by the formula, 

d B  = d P  x 0.0075. 
If we again assume that the pressure on ring m, is 737.0 milli- 

meters, then the line marked B, (Table 50) gives the barometric 
pressure as computed on the successi\-e rings m, , m4 , ms, . . mi. 
These values when plotted on a diagram, give a pressure-curve 
resembling a funnel-shaped vortex, which is apparently the 
shape of the pressure curve within the dumb-bell-shaped vortex. 
Altho we have no actual observations of pressure to guide us, 
it is yet possible to suppose that the observed pressures in 
the outer portions of the vortes decreased by 10 millimeters- 
differences on the rings m,, mr, ms,  m,, g iving 737, 727, 717, 
707 millimeters in place of the computed pressures 737.0, 
735.1, 730.2, 718.5. The differences +Ec.l, +13.2, +11.5, may 
possibly be due to the effect of friction on the tube, i. e., the 
tube in passing over the city, may be distorted in its lowest 
section by its work of destruction on the houses. Those 
values of AB=H,-B, reduced to 3 P ,  become lOSO,1760,1533. 
Now the value of the coefficient of friction, k, should be found 
from, 

-~ ..... .... ~. 

(1 I (21 ~ (31 I41 (51 I (6) I (7) 

7.07582 7.28144 7.48674 7.691Lo 7.89766 8.10.114 8.30858 

~ 

1. 11652 1.32198 I 1.5.744 1.73290 1.9?8% 2 11882 I 2.34928 

I 
rn.--m.+l 

log (m - &+I 

P W  

Ing A T  

h g  AB 

A B  (io mol.) 

I 
s(i1.y 235.4 I 180.5 x7.5 54.5 1 s1.n 

0.066n8 i u.06608 j O.OGWS o.om8 o.owios 0.0660s 

2.55859 ' 2.35% I 2.11661 1.94201 1 .7WO ' 1.53118 

5.40283 ! 5.4168(1 I 3. IR4Ii1 , 3.63808 4.048@ 4.uiu16 

0.27788 ' 0.691% 1.06967 1.51814 1.923R9 ! 2.83521 

1.90 , 4.92 11.74 , 82.59 83.92 I 216.38 
i 

TEE CAUSE OF THE DESTEUCTIVE EFFECTS IN TEE ST. LOUIS TORNADO. 

After the passage of the tornado over the city of St. Louis 
it was found that immensely powerful forces of destruction 
had been in operation: Trees had been uprooted, their tops 
had been twisted off at  the trunk, large buildings had been 
wrecked in every conceivable way, heavy stones and irons had 
been moved bodily, iron girders had been twisted and torn, a 
plank had been driven thru the webbing of a steel girder of 
the bridge, and numberless instances of powerful forces in 
operation are on record. We can compute' the values of the 
pressure differences between successive vortex rings from the 
formula, 

B 
(58) 3 B = 0.001742 T q', 

where AB is the pressure difference exprest in millimeters, T 
is the absolute temperature, and q is the wind velocity in meters 
per second. 

The resulting computation and values of J B are given in 
Table 51. 

I t  was observed that the destructive effects of the tornado 
eeem to diminish greatly at a plane about 30 feet above the 
ground, the second and upper stories of the buildings suffer- 
ing much more than the first story. This implies that the 
vortical forces in the tube were cut off at that plane by the 
disturbing frictional resistances of the rough surface of the 
city. An inspection of the pressures developed by the wind 
having a velocity p, shows that in the center of the vortex the 
pressure can, theoretically, run up to about 8,000 pounds per 

'See Monthly Weather Review, October, 1906, SXSIV, p. 470, lor- 
i n u l a  (11). 
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Tubea. I (1) (2) 1 (3) 1 (4) I (S) 
. -~ ~ .- .- 

p 15.10 24.25 .%?.!I4 G2.60 I 0 0 . Y I  

B 0.757 0.727 0.715 0.707 C.6!17 

T 294. 214. 294. 9 4 .  294. 

( 6 )  I ( 5 )  
- .- ~ . . 

11%. 75 270.0Ij 

O.r&!I , 0. l i i i  

3 4 .  9 4 .  

must take on an additional velocity as soon as the cold layer 
is placed upon it. NOW, in the St. Louis tornado a cold mass 
of air was carried forward over the warm mass of stagnant 
air that had been lying over the city for several days, and in 
a few hours the temperatures fell about 18' F. = 10' C., the 
tornado occurring at  the vertical junction of two masses of air 
a t  different temperatures, as in Table 30. It seems probable 
that the warni air imtead of niisiny tiertically with the cold shed, 
slid out horizontally in all directions, that 6 radially from ihe point 
of peafeat temperattrrr contrast, like the spokes of a wheel held 
horizontally above the head. If the velocities u, v, tu in Tables 
38, 39. and 40 are examined at the higher sections az = 180°,0r 
az = 170°, it is seen that in this vortex the radial velocity 
above survives. Hence, we infer that the cause of this tor- 
nado was the horizontal flow of the warm air away from A 
center under the cold overflowing sheet, and that this radial 
action, whose purpose is to counteract the pressure change 
brought by the overflowing cold sheet, then propagated itself 
vertically downward in a dumb-bell-shaped vortex till it was 
cut off by the rough surface of the country and city at a sec- 
tion corresponding to an inflow of i= 30°, as found in the 
observations. This example of the effects of horizontal con- 
vection suggests the forces which are operating in the atmos- 
phere during the mixture of warm or cold currents. Similar 
reasoning assigns the same cause for the generation of hurri- 
canes, which are deep tornadoes of the dumb-bell shape (see 
fig. 8). The same action can be traced to about half the area 
of large ocean cyclones, but the inner rings show that the 

warm air-standing .vertically, while in the land cyclone-the 
horizontal convection is due in part to the sheets of cold f pnd 

AB(ml11.) 9.96 

A R ( 27.1% 
p0u11ds 

- - - - . . . . . - . . . -. 

.Cold 12, OOOm 
I 

s .8 ;  64.42 1M.lli -120.33 ~ 1 0 9 1 . 5  j 2935.0 

70.37 178.91; 456.03 116i. i  I 9032.1 S l Z . 2  

- . . . . . . .- . .. . . 

Cold 
. 1.2oom 

I 0 0 

b 
8,O0Om Cold 

0 I 0 - 1 -  

THE CAUSE OF THE FORMATION OF THE BT. LOUIS TORNADO. 
In the last section of the first paper of this series on vortes 

motions it was shown that when two masses of air of different 
temperatures overlay one another, as a cold layer over a warm 
layer, there is a discontinuity in the pressure, caused by the 
different densities. But since in the air these discontinuities 
in the pressure can not persist under the forces of gravity, 
there is an immediate setting up 0.f certain currents of motion 
which tend to destroy these pressure discontinuities and to 
restore a simple pressure gradient, such as is consistent with 
the prevailing temperatures. These temperatures and veloci- 
ties are connected by the formula, 

T,(,c,,'--.ut)= TI( U~'---.L,,,~) 
in which T, and 'vl are the temperature and average velocity, 
respectively, of the warm layer and T, and us are the tempera- 
ture and velocity of the cold layer and ",, is the average velocity 
of the layer before disturbance. 

Since the temperature of the cold layer, T,, is connected with 
the motion of the warm layer, it follows that the warm layer 

vertical position of the plane separating the warm air from 
the cold air prevails and gives very impure vortices, tho their 
general typical features still survive. 

The hurricane will be illustrated by the De With typhoon 
of August 1-3, 1901. 

A TWO YEAR.S' STUDY OF SPRING FROSTS AT 
WILLIAMSTOWN, MASS. 

By Pnd. \VILLIS I. nIILHa>r, Ph. 11. Dated \Filliamstown, Mass., Allpawt 11, 191)s. 

INTRODUCTION. 

Spring frosts haTe been quite estensively studied, chiefly on 
account of the damage caused by them which has excited 
popular interest in their prediction and in methods of protec- 
tion against them. Among the more recent articles by those 
connected with the U. S. Weather Bureau may be mentioned: 

Cline, I. M., crIrregularities in Frost and Temperature in 
Neighboring Localities." Third Convention of Weather Bureau 
Officials, Proceedings. 

Garriott, E. B., cc Notes on Frost." Farmers Bulletin, No. 104. 
Washington, D. C., 1904, p. 250. 


